Abstract This review describes methods for the direct catalytic dehydrative substitution of alcohols in the absence of stoichiometric activating agents, excluding methods that involve transfer hydrogenation. Although some earlier literature is discussed, this review mainly covers
Introduction
From a strategic perspective, alcohols are ideal electrophiles for substitution reactions since they are widely available, easily prepared and highly tractable compounds. Likewise from the perspective of green chemistry, alcohols are excellent electrophilic partners for substitution since water is, in principle, the only by-product. However, due to the relatively poor leaving group ability of the hydroxyl group, alcohols are classically derivatized to halides or pseudohalides prior to substitution. Even this pre-activation step does not necessarily bypass the need for further stoichiometric activating agents to enable the substitution reaction itself. The additional waste and/or steps required for preactivation and substitution are non-ideal from the perspective of atom-or step-economy. 1 Consequently, catalytic methods that directly activate the hydroxyl group as a leaving group have been a goal for organic synthesis for many years. In the early twentieth century, seminal reports appeared on the direct substitution of tertiary aliphatic alcohols using strong Brønsted acids as solvent or co-solvent. 2 After this initial period of activity, the area lay relatively fallow with the exception of some methods for alcohol substitution mediated by stoichiometric Lewis acids. 3 In 2005, the ACS Green Chemistry Institute Pharmaceutical Roundtable identified methods for direct catalytic nucleophilic substitution of the hydroxyl group as a top research priority. 4 Perhaps inspired by this challenge, methods displaying catalytic turnover for the dehydrative substitution of alcohols have become a major research area during the past decade. In addition to pushing the boundaries of S N 1-type substitutions, the field has grown tremendously in recent years to take advantage of developments in transition-metal catalysis, organocatalysis and other areas. New stereospecific reactions as well as enantio-and diastereoselective reactions have been developed for a great variety of alcohols and nucleophiles. Though specific aspects of catalytic dehydrative alcohol substitution have been touched on by several excellent reviews, 5 we are unaware of any one that treats it generally. Rather than duplicating prior efforts, this review attempts to paint a broad picture of the state of the art in each area and to highlight selected recent advances that have occurred up until August 2015. The breadth of this effort demands some limitations and we apologize in advance to those whose contributions are not highlighted here. A greater focus is generally placed on intermolecular meth-
S N 1-Type Reactivity
Over the past two decades, Mayr and co-workers have established an empirical tool for the description of reaction rates between a cationic electrophile and a given nucleophile. 9 By determining the log of the rate constants for the reactions of a variety of electrophiles and nucleophiles, they have extracted electrophilicity and nucleophilicity parameters for an extensive range of organic compounds and significantly enhanced contemporary understanding of reactions involving cationic intermediates. 10 In addition to carbocation electrophilicity, the properties of the nucleophile and of the reaction solvent are also crucial in order to achieve a satisfactory reaction outcome. 11 Based on these considerations, they have developed an equation for predicting the rate of a reaction between a given nucleophile/electrophile pair under a standard set of conditions. Perhaps more significant to general practitioners of organic synthesis, the Mayr group has also established a rule-ofthumb for predicting whether a reaction between a given nucleophile/electrophile pair will occur within a realistic experimental timeframe: E + N > -5. 12 If the sum of the nucleophilicity parameter (N) and electrophilicity parameter (E) is greater than -5, a reaction between the pair can be expected at room temperature.
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However, Mayr's treatment of carbocations alone does not account for two other important facets of catalytic alcohol S N 1 reactivity: the ease of carbocation formation and the interaction between catalyst and nucleophile. In a practical sense, the more electrophilic the generated cation, the more difficult this species is to generate during the course of a dehydrative reaction. In 2013, Samec and Biswas reported a comprehensive experimental effort to benchmark representative alcohol substrates, nucleophiles, catalysts and conditions for direct alcohol substitution reactions. 13 The authors determined that the reaction selectivity and conversion for the substrates examined is '…governed by the ease of generating the corresponding carbocation rather than the electrophilicity of the generated cation.' Furthermore, in cases where the alcohol readily ionizes under the reaction conditions, the authors observe that the judicious combination of nucleophile and catalyst is a crucial factor for the success of the dehydrative substitution reaction. They conclude that in such cases Pd(II) and Re(VII) catalysts favor O-centered nucleophiles, whilst Fe(III) and Bi(III) catalysts provide better conversions in tandem with S-, N-and C-centered nucleophiles. The alcohols highlighted in Samec's study (Figure 1 ) are the prototypical substrates in the field and this section is organized around transformations of these substrate classes. Whenever possible, reactions of various nucleophiles with a particular alcohol have been placed in tables to facilitate comparison of catalysts and conditions. The selected nucleophiles (NuH) are indicative of the typical nucleophile class employed in each study. The tables in this section therefore aim to provide a practical guide as to the compatibility between catalyst, alcohol and nucleophile. 
π-Activated Alcohols
π-Activated alcohols are defined as those bearing a π-system (i.e., aryl ring, alkene, alkyne or a combination thereof) on the carbon adjacent to the hydroxyl group. This class of alcohol is particularly proficient at reacting via an S N 1-type pathway. In addition, such substrates often do not bear β-hydrogen atoms and as a consequence, elimination reactions are not competitive. Their enhanced reactivity leads to a plethora of potential catalytic substitution reactions as detailed in the following sections.
Benzylic Alcohols
Benzylic alcohols are archetypal hydroxyl-bearing substrates on which to develop new catalytic substitution reactions. Additionally, diarylmethanes, formed upon FriedelCrafts reaction of such substrates, are often used in electroand photoactive polymer and oligomer preparation.
14 Table 1 highlights the nucleophilic substitution of p-methoxybenzyl alcohol as a representative primary benzylic alcohol. It is perhaps the most widely employed substrate owing to its easy ionization to generate a carbocation. Prior to 2012, standout methods for the catalytic activation of benzylic alcohols include Beller's FeCl 3 -catalyzed, 15 Rueping's Bi(OTf) 3 -catalyzed, 16 McCubbin's boronic acid catalyzed 17 ( Table 1 , entries 1-3) and Niggemann's Ca(NTf 2 ) 2 /Bu 4 NPF 6 -catalyzed 18 ( Table 2 , entry 1) FriedelCrafts systems. The aforementioned study by Samec provides interesting insight into the interplay between catalyst and nucleophile, as different catalysts are optimal for C-, Sor O-nucleophiles (Table 1 , entries 4-6). 13 Recent development in the field of benzylic alcohol activation has focused on improving the viability of such catalytic methods by developing more active catalysts that allow for milder reaction conditions and improved chemoselectivity. Additionally, research groups have focused on the design of new, recyclable catalyst classes. Ionic liquids are an interesting subclass of such catalysts as they can often be recovered by simple liquid-liquid extraction. 19 In this context, Ji and coworkers reported the ionic liquid catalyzed direct substitution of benzylic alcohols. 20 Anilines, benzothiazole derivatives and indoles all proved compatible nucleophiles for this catalytic system, furnishing the desired functionalized benzyl compounds in good yields (Table 1, entry 7) . The dehydrative amination of benzylic alcohols was also reported by Pamulaparthy and co-workers using TaF 5 as a catalyst (Table  1, entry 8) . 21 Building on previous work by Cozzi and Zoli on the catalyst-free substitution of secondary ferrocenyl alcohols 'on water', 22 two research groups recently reported independent studies of catalytic activation of more challenging benzylic alcohols in water. Ji and co-workers reported the In(OTf) 3 -catalyzed Friedel-Crafts reaction between benzylic alcohols and indoles in water (Table 1 , entry 9), 23 whilst Hikawa and co-workers reported a water-soluble gold catalytic system for the same reaction (Table 1, entry  10) . 24 The direct use of free amines as nucleophiles poses a challenge due to potential catalyst deactivation by the basic nitrogen atom. Ghorai and co-workers disclosed an interesting Re 2 O 7 -catalyzed formal Friedel-Crafts arylation of benzylic alcohols using anilines (Table 1, entry 11) . 25 The authors propose a two-step mechanism whereby nucleophilic addition initially occurs through the aniline nitrogen followed by a Hofmann-Martius rearrangement 26 to give the observed Friedel-Crafts products. In the same report, the authors also demonstrate this catalytic system to be equally applicable to the dehydrative substitution of allylic 
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and propargylic alcohols. Dhiman and Ramasastry generated tetrasubstituted furans through the reaction of benzofuranyl alcohols with 1,3-dicarbonyls under triflic acid catalysis. 27 The reaction proceeds by initial carbocation generation and nucleophilic capture followed by spirocyclization and rearrangement to generate the final furan products. Barbero and co-workers reported the sulfonimide-catalyzed Friedel-Crafts reaction between benzylic alcohols and electronically activated heterocycles 28 ( Table 1 , entry 12), whilst Moran and co-workers disclosed a highly active boronic ester catalyst formed in situ from pentafluorophenylboronic acid and oxalic acid ( 18 This catalyst system proved to be broadly applicable, and in the same report the authors detailed the use of benzylic, allylic and propargylic alcohols as alkylating agents in reaction with a range of arenes. The Lewis acid catalyzed azidation of benzylic alcohols was reported by Kumar and coworkers, who employed Cu(OTf) 2 as a catalyst ( Table 2 , entry 2), 30 and by Sharma and co-workers who used ZrCl 4 (Table 2, entry 3). 31 Similar Lewis acid catalyzed systems were reported for carbamidation 32 and cyanation 33 using carbamates and TMS-CN as nucleophiles, respectively ( Table 2 , entries 4 and 5). These studies build upon Ishii's pioneering earlier reports into the Friedel-Crafts benzylation reaction catalyzed by rare-earth triflates. 34 Nishayama reported a rhenium-complex-catalyzed C-C bond-forming reaction using enolacetates (Table 2 , entry 6), 35 while Li demonstrated a similar triflimide-catalyzed reaction employing styrene derivatives as nucleophiles (Table 2, entry 11). 36 A pentafluorophenylammonium triflate catalyzed Ritter reaction was developed by Khaksar and co-workers and proved applicable for the transformation of a wide variety of alcohol substrates (Table 2, entry 7). 37 The Roy laboratory extended their earlier landmark studies into dehydrative substitution of alcohols by bimetallic Ir-Sn complexes, 38 and reported a highly active catalyst system for the benzylation of 1,3-dicarbonyl compounds ( Table 2 , entry 8). 39 The same transformation is also catalyzed by a Lewis acidic zirconium complex 40 and by sulfuric acid ( Table 2 , entries 9 and 10).
41
A highly active cationic iron porphyrin catalyst was developed by Matsubara and co-workers and applied in the Friedel-Crafts arylation of benzylic and allylic alcohols (Table 2, entry 12). 42 The majority of the catalytic systems summarized above are also applicable to the catalytic substitution of diarylmethanols. Nonetheless, catalytic systems have been developed recently that are limited to the more readily ionized diarylalcohols, notably the dehydrative coupling of diarylmethanols with carbonyl compounds catalyzed by AlCl 3 , 43 TfOH 44 or 3,5-dinitrobenzoic acid. 45 In addition, Xia and co-workers have disclosed an ionic-liquidcatalyzed coupling of diarylmethanols with other alcohols, 46 whilst Gu and colleagues have reported the Fe(OTf) 3 -catalyzed benzylation of diarylmethanols. 47 Examples of diarylmethanol activation and reaction with a variety of olefinic partners have also been disclosed under Brønsted 48, 49 or Lewis acid 50 catalyzed conditions. 3-Hydroxyoxindoles, another subclass of activated benzylic alcohols, are also commonly employed in synthesis and are attractive starting materials given that the 3,3′-disubstituted oxindole motif forms the core of numerous naturally occurring bioactive species. 51 In this context, Wang and Zhou reported the perchloric acid catalyzed thiolation of 3-hydroxyoxindoles, 52 whilst in a comprehensive series of reports, Bisai and co-workers explored the Lewis acid catalyzed Friedel-Crafts reaction of the same substrates. 53 The Zhou group also demonstrated the use of catalytic perchloric acid in the arylation of α-keto benzylic alcohols, 54 whilst Singh and co-workers reported an InBr 3 -catalyzed azidation of α-keto benzylic alcohols. 55 In 2015, Hall, McCubbin and co-workers disclosed a boronic acid catalyzed Friedel-Crafts reaction employing benzylic alcohols. This report is particularly impressive in that some benzylic alcohols bearing electron-withdrawing groups are tolerated under the catalytic conditions. Using a ferroceniumboronic acid with a non-coordinating hexafluoroantimonate counterion, the authors propose a mechanism that generates '…a more reactive carbocation paired with the non-coordinating hexafluoroantimonate counteranion. ' This enhanced reactivity allows the authors to access an extremely wide range of diarylmethane products from electronically deactivated benzylic alcohols (Scheme 1). ).
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Scheme 2 Considerations in the catalytic activation of allylic alcohols
Early notable contributions to the field of direct catalytic S N 1-type allylic alcohol activation include Chan and Rao's AuCl 3 -catalyzed Friedel-Crafts reaction with electronically activated arenes 57 and Rueping's 2011 report 58 of direct azidation catalyzed by AgOTf under mild reaction conditions (Table 3 , entries 1 and 2).
In 2015, Prabhu and co-workers reported a highly efficient Cu(ClO 4 ) 2 -catalyzed azidation of allylic alcohols (Table  3 , entry 3). In the same reaction vessel, the azides can be converted directly into allylic amides by in situ aqueous oxidation with DDQ and nitrogen gas extrusion. 59 Another related copper(II)-catalyzed transformation, the formal Friedel-Crafts reaction between allylic alcohols and anilines, has also been reported (Table 3, entry 7) . 60 Roy and Chatterjee further extended the utility of their bimetallic Ir-Sn complexes to the activation of allylic alcohols in reaction with a variety of nucleophiles (Table 3 , entry 8). 61 The direct addition of nitrogen nucleophiles to allylic alcohols was reported in 2012 by Najera and co-workers under FeCl 3 ·6H 2 O catalysis 62 (Table 3 , entry 4) and by Ghorai and co-workers under Re 2 O 7 catalysis (Table 3 , entry 5). 63 The authors later employed their Re 2 O 7 catalytic activation strategy as a key step in the one-pot preparation of polysubstituted indoles 64 and quinolines. 65 The Ca(NTf 2 ) 2 /H 4 NPF 6 -catalyzed addition of terminal acetylenes to allylic alcohols was reported by the Niggemann laboratory in 2015 to give the corresponding ketones after hydration of the cationic reaction intermediate (Table 3 , entry 9). 66 Interestingly, cyclopentanone was used as an additive in this study to stabilize the intermediate carbocations through a proposed Lewis basic electron-pair donation. Another Ca(NTf 2 ) 2 -catalyzed transformation was also reported in 2015 by the Gandon group, who disclosed the dehydrative addition of cinnamyltype boronic acids to allylic alcohols under mild conditions (Table 3 , entry 6). 67 In 2015 Hall and co-workers reported the use of a novel tetrafluorophenyl boronic acid as a catalyst for activation of allylic alcohols in Friedel-Crafts reactions 68 that proved to be more active than previous iterations of related catalyst architectures when used under a new set of reaction conditions. 69, 70 Although more widely developed for the substitution reactions of pre-activated allylic alcohol derivatives such as allylic acetates and allylic carbonates, 71 the direct substitution of allylic alcohols via the formation of an intermediate metal π-allyl species has also been widely explored (Scheme 3). Such approaches are attractive given a wide variety of strong, soft nucleophiles have been demonstrated as compatible with such systems, and often chemoselectivity of nucleophile addition can be controlled by judicious combination of transition metal and ligand. Approaches in this area to date have typically relied on the in situ stoichiometric activation of the allylic alcohol functionality to facilitate metal π-allyl formation; however, the palladium-catalyzed systems reported by Yamamoto 72 and Breit 73 are noteworthy. Several other palladium-catalyzed systems have been developed, including an elegant example from Huang and co-workers 74 ( Table 3 , entry 10). Systems catalyzed by other transition metals (e.g., Ru, Ir) have also been developed and are well summarized in a recent review by Bruneau and co-workers. 5f More recently, methods based on dual or bifunctional catalysis have proven particularly successful for the direct substitution of allylic alcohols via π-allyl intermediates. In 2014, the laboratories of Ohshima and Zhang developed catalytic methods for the direct addition of activated carbonyl derivatives to allylic alcohols under palladium- 75 and platinum-catalyzed 76 conditions, respectively (Table 3 , entries 11 and 12). Both groups employed a combination of transition metal catalyst, bisphosphine ligand and pyrrolidine as an organo-co-catalyst, generating the desired functionalized products in good yields and excellent regioselectivity. Further studies have explored enantioselective variants of similar reactions proceeding via metal π-allyl intermediates and are discussed in section 4.
Scheme 3 Dehydrative allylic alcohol activation by formation of a transition-metal π-allyl intermediate
Propargylic Alcohols
The catalytic dehydration of propargylic alcohols yields an intermediate propargyl cation, for which two extreme resonance forms can be considered; the propargylium ion and the allenylium ion (Scheme 4). Although nucleophilic addition can theoretically occur at either carbon, such reactions typically proceed via a formal S N 1 process. However, a few examples of controllable distal nucleophilic substitu-
Review Syn thesis
tion have been reported (vide infra). One of the major challenges that remains in the realm of direct propargylic alcohol activation is the generation and capture of unsubstituted propargylic cations (R 2 = H). Typically, the attempted activation of such compounds gives self-condensation and polymerization. Consequently, the use of α-aryl or α-disub- 
stituted propargylic alcohols is prevalent in the literature in order to enhance the stability and lifetime of such cationic intermediates. Table 4 provides a summary of recently developed dehydrative, catalytic transformations employing 1,3-diphenylprop-2-yn-1-ol as a prototypical substrate and aligns the catalytic system with a representative nucleophile from each report. Early studies by Hidai, Uemura and Nishibayashi in the area of catalytic propargylic alcohol activation established a cationic methanethiolate-bridged diruthenium complex as a highly active catalyst for FriedelCrafts propargylations (Table 4 , entry 1), 77 while Toste reported activation by a Re(V)-oxo complex for catalytic substitution of propargylic alcohols with allylsilanes 78 and electronically activated arenes (Table 4 , entry 2). 79 The same transformations were also reported by Campagne and co-workers who developed a Au(III)-catalyzed system for the direct allylation and arylation of propargylic alcohols (Table 4 , entry 3). 80 In 2015, Weng and co-workers reported the bis(trifluoroacetoxy)iodobenzene (PIFA)-catalyzed substitution of propargylic alcohols (Table 4 , entry 4). 81 The authors described the use of allyltrimethylsilane as nucleophile, providing a range of 1,5-enynes in excellent yields, and also demonstrated the catalytic system to be compatible in Friedel-Crafts, thioetherification and amination reactions. Silveria and co-workers described a similar Friedel-Crafts system catalyzed by Ce(OTf) 3 82 (Table 4 , entry 5), while Masuyama and co-workers reported the same reaction catalyzed by SnCl 2 (Table 4 , entry 6). 83 In the latter report, the authors also extended the nucleophile scope to include 1,3-dicarbonyl compounds. In 2012, conditions were described for the propargylation of indoles catalyzed by Al(OTf) 3 (Table 4, entry 7) 84 or by Cu(OTf) 2 . 85 Laali and co-workers reported the bis-propargylation of carbazoles catalyzed by TfOH in an ionic liquid medium (Table 4 , entry 8). 86 In another report, Bezuidenhoudt and co-workers extended their Al(OTf) 3 -catalyzed activation of propargylic alcohols with the use of 4-hydroxycoumarins as nucleophiles (Table  4 , entry 12). 87 In 2014, Zheng and co-workers developed a AgSbF 6 catalyzed one-pot synthesis of substituted pyrroles, using propargylic alcohols as starting materials (Table 4 , entry 9). Initial AgSbF 6 -catalyzed dehydrative addition of 1,3-dicarbonyl compounds was followed by treatment with anilines to provide a range of penta-substituted pyrroles in good to excellent yield over two steps. 88 The authors demonstrated that alkylamines can replace anilines in this procedure, albeit under much harsher reaction conditions. Pan, Zhang and co-workers reported the Cu(OTf) 2 -catalyzed dehydrative addition of styrene derivatives to propargylic alcohols, 89 advancing earlier work by Wang and co-workers who reported the same system using FeCl 3 as a catalyst, 90 but were limited to the more potent 1,1-diarylalkenes as nucleophiles in this ene-type reaction (Table 4 , entries 10 and 11). In 2014, Savarimuthu and co-workers reported the p-nitrobenzenesulfonic acid catalyzed dehydrative activation of propargylic alcohols (Table 4 , entry 13). This catalyst system was shown to be active at room temperature and compatible with O-, N-and C-nucleophiles. 91 A similar catalytic method, also applicable to a range of O-, N-and C-nucleophiles, was reported by Sheppard and co-workers in 2012, whereby 1 mol% AgNTf 2 at room temperature facilitated conversion of propargylic alcohols into a range of functionalized products. 92 In 2015, Sanz and co-workers described a p-toluenesulfonic acid catalyzed cascade cyclization between 1,4-propargylic diols and indoles yielding benzofulvene derivatives. 93 In a creative report, Chan and co-workers disclosed the p-toluenesulfonic acid catalyzed formation of tetrasubstituted furans also starting from 1,4-propargylic diols. Catalytic dehydration of one of the hydroxyl residues initiated alkylation of the 1,3-dicarbonyl compound followed by cycloisomerization to give the desired furans in moderate to good isolated yields (Scheme 5). 94 In the same paper, the authors also reported the intramolecular cyclization to form trisubstituted furans in the absence of an external nucleophile. In 2014, the same group reported a similar strategy for the synthesis of substituted N-sulfonyl pyrroles, this time employing Yb(OTf) 3 as a catalyst. 95 Wang and coworkers also employed Yb(OTf) 3 as a catalyst in dehydrative [3+3] annulations between propargylic alcohols and benzylic alcohols to form carbazole and naphthalene derivatives. 
Scheme 4 Considerations in the catalytic activation of propargyl alcohols
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The preparation of cyclopenta [c] quinolones from propargylic alcohols and indoles was disclosed by Swamy and colleagues. In one pot, alcohol activation was catalyzed by p-toluenesulfonic acid, followed by a postulated Cu(II)-catalyzed spirocyclization and oxidative ring-expansion. 97 Another interesting study was reported by Li and co-workers, who opted to investigate the gold-catalyzed dehydrative substitution of propargylic alcohols (Scheme 6). Using Au(III) precatalyst 1 and AgSbF 6 as a co-catalyst, nucleophilic addition of a range of typical arenes was found to occur at the distal C3-position to generate a series of trisubstituted allenes. Interestingly, when anisole or trimethoxybenzene were employed as nucleophiles, exclusive C1-substitution was observed to yield diarylacetylene derivatives. The authors ascribe this selectivity switch to the coordination of the anisole oxygen residues to the gold catalyst, thereby preferentially delivering the arene to the proximal C1-position. 98 Bi, Che and co-workers also reported a FeBr 3 -catalyzed dehydrative preparation of trisubstitued allenes. By employing propargylic alcohols in combination with α-oxo ketene dithioacetals, a series of gem-bis(alkylthio)-substituted vinylallenes was generated in excellent yield.
99
Scheme 6 Au/Ag-catalyzed dehydrative arylation reaction generating trisubstituted allenes
The catalytic activation of terminal propargylic alcohols with thiolate-bridged diruthenium complexes has also proved a fruitful area of research. In a comprehensive series of reports, Nishibayashi, Uemura, Hidai and co-workers developed ruthenium thiolate complexes capable of catalytically activating terminal propargylic alcohols under mild reaction conditions. 100 The key intermediate in such transformations is reported as an allenylidene ruthenium complex that can be intercepted by a range of nucleophilic species to furnish an array of functionalized products (Scheme 7). A 2014 report has also demonstrated the ability of preformed cationic allenylidene mono-ruthenium complexes to function as catalysts for the dehydrative etherification of terminal propargylic alcohols. 101 Haak and co-workers have also demonstrated the use of cyclopentadienone ruthenium complexes as catalysts in related dehydrative transformations of terminal propargylic alcohols, proposing similar key allenylidene intermediates in such processes.
102 Enantioselective variants of such reactions have also been developed and are described in section 4.1.2. 
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Aliphatic Alcohols
In contrast to the many advances in the catalytic substitution of π-activated alcohols, the direct catalytic substitution of aliphatic alcohols in the absence of stoichiometric activating agents has barely advanced since reports from the early 20 th century that required strong Brønsted acids as solvent. 103 A Reaxys search uncovered over 900 examples of catalytic substitutions of tertiary aliphatic alcohols alone, but nearly all require stoichiometric quantities of 'catalyst' or heterogeneous catalysis at high temperatures. Examples of homogeneous catalytic substitution of tertiary aliphatic alcohols with catalytic turnover are uncommon, while examples with secondary or primary aliphatic alcohols are still limited.
As illustrated in Samec's study, 13 the efficiency of substoichiometric nucleophilic substitution of tert-butyl alcohol proved to be rather low. In all examples showcased, elevated temperatures of 80-100 °C were employed for reactions with C-, N-, S-and O-centered nucleophiles and isobutylene was typically formed as the major product. These results highlight the relative difficulty in activating aliphatic alcohols compared to π-activated alcohols, but also the challenges associated with the efficient capture of the generated carbocation prior to elimination. One class of reaction that appears to be effective at overcoming these limitations is the Ritter reaction and its related variants. In 2006, Barrett and co-workers reported a Bi(OTf) 3 -catalyzed Ritter reaction that is compatible with tertiary aliphatic alcohols. 104 In the years since, several variations of these conditions have appeared that are compatible with tertiary and, occasionally, secondary aliphatic alcohols. These include those enabled by Brønsted acids in subcritical water, 105 under microwave heating 106 and under mechanochemically assisted conditions. 107 A variation of the Ritter reaction using cyanamides as nucleophiles instead of nitriles results in the efficient formation of disubstituted ureas. 108 Presently, this methodology is limited to tert-butyl alcohol and an additional 0.5 equivalent of acetic acid is necessary to facilitate efficient formation and capture of the required carbocation.
A particularly effective set of conditions comes from Cook and Jefferies, 109 who reported the use of FeCl 3 (15 mol%) and AgSbF 6 (45 mol%) to generate a catalytic species that enables Ritter reactions with secondary aliphatic alcohols and 1-adamantol to give the corresponding amides (Scheme 8). The same catalyst system also proved to be effective with a limited range of cyclic secondary aliphatic alcohols in Friedel-Crafts reactions (Scheme 9). 110 In 2015, Moran and co-workers disclosed a room-temperature catalytic azidation of tertiary aliphatic alcohols with trimethylsilyl azide, 111 a transformation that previously required the presence of superstoichiometric acid. A wide range of tertiary aliphatic alcohols could be displaced using a nitro compound as a solvent or additive and 5 mol% of acid co-catalyst (Scheme 10). Kinetic and spectroscopic observations suggested that a higher-order hydrogenbonded aggregate of nitro compounds and acids acts as the kinetically competent catalyst, which serves to activate TMSN 3 as a silylating agent to generate the required carbocation.
The activation of acyclic secondary and primary aliphatic alcohols remains a daunting challenge. In 2012, the groups of Yang and Xia reported a remarkable sulfonic acid functionalized ionic liquid 3 as a metal-free catalytic system for N-alkylation of selected deactivated aromatic amines with secondary and even primary aliphatic alcohols. 112 Although the substrate scope is very limited and yields are poor to modest, it was shown that 4-nitroaniline could be N-alkylated with cyclohexanol, ethanol and even methanol with 10 mol% of the catalyst (Scheme 11). As a parallel to the abovementioned study, a non-functionalized 
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ionic liquid could be used as solvent in the presence of an In(OTf) 3 catalyst for the microwave-assisted Friedel-Crafts reaction of secondary and tertiary aliphatic alcohols. 113 Primary alcohols did not react under such conditions. Scheme 11 Sulfonic acid functionalized ionic liquid as a catalyst for direct amination of aliphatic alcohols
Chemoselectivity Considerations
The previous sections describe an enormous variety of catalysts and catalytic conditions for the direct activation of various hydroxyl-bearing substrates. Nevertheless, when considering the potential utility of such catalytic systems, it is equally important to consider troublesome substrates and incompatible functionalities. For example, with catalyst systems prevalent in many of the described transformations, cleavage of sensitive functional groups such as silyl groups or Boc groups is commonplace. 114 Despite the breadth of reports detailed in sections 2.1-2.2, it is also rare to find examples of successful activation of substrates bearing basic heterocycles such as pyridines or quinolines. In addition, substrates bearing chelating functionalities such as basic amines are often incompatible as they sequester the acidic catalyst. Indeed, in Hall's recent report, 68 attempted use of N-Boc phenylalanine methyl ester as a Friedel-Crafts nucleophile resulted in 0% conversion. This lack of reactivity is attributed to catalyst inhibition by the basic amino ester moiety. Rhee and De Castro have reported an additional example of such an effect. Upon attempted Friedel-Crafts reaction of tertiary-amine-bearing benzylic alcohol 4, no reaction was observed when FeCl 3 ·6H 2 O was employed as a catalyst. However, the authors were able to overcome this setback by switching to an excess of aqueous perchloric acid solution in order to fully protonate the amine (Scheme 12).
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Scheme 12 Overcoming catalyst deactivation in catalytic FriedelCrafts type reactions
It is evident that applying an excess of strong Brønsted acid, while successful in certain instances, is not a global solution to such problems and would be incompatible with more sensitive substrates bearing acid-labile functional groups. Consequently, milder, more selective catalyst systems are sought with a higher propensity for direct alcohol activation than other off-cycle 'acidic' reactivity. In 2014, Moran and co-workers aimed to address such issues and undertook a survey of typical Lewis and Brønsted acidic catalysts for alcohol activation, specifically using 1-vinylcyclohexanol 5 as a substrate in order to monitor undesired olefin isomerization. 116 In a previous study under Ca(NTf 2 ) 2 catalysis, significant double-bond migration was found to accompany the desired Friedel-Crafts reaction (Scheme 13, A). 18 Whilst many acidic catalysts proved active for alcohol activation, much undesired isomerization was also observed. However, tris(pentafluorophenyl)borane in nitromethane was established as a highly active yet selective catalyst system for this Friedel-Crafts reaction with minimal or no olefin isomerization observed (Scheme 13, B). It is interesting to note that in a previous report of alcohol activation by boronic acid catalysis, 1-vinylcyclohexanol 5 was an unreactive substrate (Scheme 13, C). 69 The disclosed tris(pentafluorophenyl)borane catalyst system therefore represents an attractive combination of high reactivity coupled with chemoselectivity. The authors went on to demonstrate the successful use of substrates bearing TIPS, TES, PMB and Boc groups, further emphasizing the gentle nature of the developed catalytic system (Figure 2 ). While these and other reports highlight the importance of chemoselectivity in the development of new catalyst systems for dehydrative alcohol substitution, it is clear that the field as a whole suffers from recurring limitations with respect to functional group compatibility that need to be addressed. Newly developed catalyst systems must therefore aim to demonstrate broader functional group tolerance under mild reaction conditions to find more widespread adoption in synthesis.
Stereospecific Methods
In contrast to the large body of work on catalytic S N 1-type alcohol substitution, direct stereospecific methods for the catalytic substitution of alcohols are much less developed. This section describes examples that occur with inversion or retention of stereochemistry, as well as stereospecific examples of transition-metal-catalyzed displacement of allylic alcohols. To ensure continuity, the term enantiospecificity (es), where es = (ee product /ee substrate )·100, is used to describe the conservation of optical purity during the reaction even if this term was not used in the original publications. 117 As already stated in the introduction, reactions that require a stoichiometric activating agent prior to substitution are not covered in this review. Therefore stereospecific variants of the Mitsunobu reaction 6 and Shenvi's inversion of tertiary aliphatic trifluoroacetates by TMSCN 7 are not discussed. In 2007, Cozzi and co-workers reported that direct intermolecular substitution of ferrocenyl alcohols can be accomplished with a variety of nucleophiles and with retention of stereochemistry by the action of catalytic InBr 3 or simply by stirring 'on water' (Scheme 14). 118 Unfortunately, this method is limited to alcohols bearing the ferrocenyl motif.
Scheme 14 'On water' nucleophilic substitution of ferrocenyl alcohols with retention of stereochemistry
In 2014, Cook and Jefferies reported an intramolecular FeCl 3 /AgSbF 6 -catalyzed dehydrative Friedel-Crafts reaction that proceeded with 97% es. 110 However, only a single example was described and the starting material only possessed 65% ee. In 2015, Samec and co-workers reported that phosphinic acid catalyzed the cyclodehydrations of enantioenriched alcohols with O-, S-and N-centered nucleophiles. 119 Inversion of benzylic, propargylic, allylic and aliphatic alcohols was accomplished with enantiospecificity levels between 80 and 100% to give saturated five-membered heterocycles. Mechanistic experiments and DFT calculations showed that phosphinic acid operates as a bifunctional catalyst by simultaneously acting as an acid to increase the leaving group ability of the hydroxyl group and as a base to increase the nucleophilicity of the attacking heteroatom (Scheme 15). 
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group to yield substituted tetrahydropyrans and dihydropyrans with high diastereoselectivities. 120 Recently, the groups of Zhang and Tian nearly simultaneously reported that in situ generated Pd-BINAP catalysts enable direct stereospecific coupling of secondary allylic alcohols with arylboronic acids with inversion of stereochemistry (Scheme 16, a).
121 Though these are not technically dehydrative reactions since boric acid is the stoichiometric byproduct, it paves the way for other direct stereospecific C-C bondforming reactions. In 2010, Roggen and Carreira reported the use of Ir complexes with a P-alkene ligand to enable stereospecific substitution of secondary allylic alcohols by sulfamic acid to yield primary allylic amines with retention of configuration. The primary amine products are typically derivatized to benzamides in the same pot to facilitate isolation (Scheme 16, b).
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Scheme 16 Pd-and Ir-catalyzed direct stereospecific transformations of allylic alcohols
Gold catalysts are also capable of mediating direct stereospecific transformations of allylic alcohols and are thought to proceed via the intermediacy of cationic gold(I)-olefin complexes. The groups of Aponick and Widenhoefer have reported Au-catalyzed stereospecific cyclodehydrations of allylic alcohols bearing pendant hydroxyl and alkylamino groups, respectively. 123 In both cases, the use of secondary allylic alcohols led to products possessing a transolefin (Scheme 17, a). Mukherjee and Widenhoefer have also reported stereospecific intermolecular Au-catalyzed substitutions of allylic alcohols with cyclic urea nucleophiles, though these typically led to a mixture of olefin isomers (Scheme 17, b). 
Enantioselective Methods
Methods to prepare enantiomerically pure compounds from racemic or achiral alcohols are highly desirable. To address this substantial demand, chemists have developed synthetic methods that allow for optically pure chiral building blocks and complex molecules to be accessed from a wide variety of commercially available hydroxyl-bearing substrates. This section aims to delineate recent efforts towards this goal and is subdivided with respect to the activation mode of the chiral catalyst.
Enantioinduction via Transient Chiral Nucleophiles
The following subsections discuss catalytic strategies for the substitution of alcohols where a transient chiral nucleophile, generated by the action of a chiral catalyst, combines with a prochiral carbocation or transition-metal-stabilized species generated by catalytic activation of the alcohol substrate. This approach is exemplified by catalytic systems consisting of an achiral catalyst for alcohol ionization operating in tandem with a chiral amine or chiral transitionmetal catalyst for nucleophilic activation of an enamine or enol.
Nucleophilic Capture of Cationic Intermediates
In 2009, Cozzi and co-workers reported a seminal paper on the merger of organocatalysis with S N 1-type reactivity of alcohols by using MacMillan-type imidazolidinone trifluoroacetate salt 8 to accomplish direct asymmetric α-alkylation of aldehydes with diarylmethanols (Scheme 18). 125 Many subsequent reports have built on this foundation. Guo and co-workers reported the asymmetric α-alkylation of α-amino aldehydes with 3-indolylmethanols in the presence of 4-nitrobenzoic acid (NBA) and a chiral primary amine organocatalyst 9, giving access to tryptophan derivatives bearing contiguous stereocenters with good diastereoand enantioselectivity (Scheme 19). 126 Other catalyst systems consisting of chiral secondary amines and achiral Lewis acids have also been reported. 
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Scheme 18 Enantioselective α-alkylation of aldehydes with diarylmethanols Scheme 19 Asymmetric α-alkylation of α-amino aldehydes using primary amine and Brønsted acid catalysts; NBA = 4-nitrobenzoic acid Judicious choice of starting materials can allow for the design of one-pot sequences to furnish complex cyclic molecules bearing multiple stereocenters. Guo and co-workers reported the synthesis of cyclopenta[b]indoles in high diastereo-and enantioselectivities. 128 In a one-pot process, initial α-alkylation of aldehydes with 3-indolylmethanols is followed by an intermolecular Friedel-Crafts alkylation with an external indole nucleophile and a subsequent cyclodehydration event (Scheme 20).
Scheme 20 One-pot asymmetric construction of cyclopenta[b]indoles
The γ-alkylation of α,β-unsaturated aldehydes via dienamine intermediates offers a mechanistically related way to access elaborated aldehydes. Early examples by the groups of Melchiorre and Christmann either required expensive chiral acidic additives, showed poor γ-selectivity or were limited to enals that lacked substitution at the α-position. 129 In 2012, Melchiorre and co-workers demonstrated that the Seebach modification of the Jorgensen-Hayashi catalyst, in combination with saccharin as an achiral Brønsted acid, furnished α-substituted α,β-unsaturated aldehydes with excellent regio-and stereocontrol (Scheme 21).
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Scheme 21 Asymmetric γ-alkylation of α-branched enals
Water is an attractive solvent from both economic and environmental standpoints. In this regard, an efficient asymmetric α-alkylation of aldehydes with 3-hydroxy-3-indolyloxindoles catalyzed by MacMillan-type imidazolidinone salt 10 in aqueous media has been developed. 131 The reaction proceeded smoothly in a 1:1 solution of water and acetonitrile to give 3-indolyl-3-oxindole derivatives in high yields, moderate diastereo-and high enantioselectivities (Scheme 22). Furthermore, the groups of Cozzi and Nishibayashi have exploited the water compatibility of indium salts to develop stereoselective imidazolidinone-catalyzed alkylations of aldehydes with allylic, benzylic and propargylic alcohols.
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Scheme 22 Asymmetric α-alkylation of aldehydes with 3-hydroxy-3-indolyloxindoles in aqueous media
The requirement for a strong acid co-catalyst in order to achieve alcohol ionization can be bypassed with the use of a strong hydrogen-bond donor as solvent. Loh and co-work- 
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ers reported simple and mild reaction conditions for the enantioselective α-alkylation of aldehydes using trifluoroethanol and a chiral secondary amine (Scheme 23).
133
Scheme 23 Asymmetric α-alkylation of aldehydes in fluorinated alcohol
Enantioselective direct α-alkylation of simple ketones with alcohols is an equally desirable transformation, but one that is significantly less developed. In 2010, the groups of Luo and Cheng disclosed a method for the α-alkylation of cyclic ketones with diarylmethanols using 25 mol% of a proline-derived chiral ionic liquid as catalyst.
134 Second-generation catalyst 11, based on a thioxotetrahydropyrimidinonemodified secondary amine, was reported by Trifonidou and Kokotos, lowering the required catalyst loadings to 10 mol% with similar levels of efficiency and selectivity (Scheme 24). 135 However, both catalytic systems were limited to cyclic ketones and highly activated alcohols and delivered functionalized ketones with modest levels of enantioselectivity. Further efforts directed towards the rational design of new catalyst scaffolds 136 are required to improve stereoselectivity and to expand the reaction scope with regard to the ketone and alcohol partners.
Scheme 24 Enantioselective α-alkylation of ketones using a thioxotetrahydropyrimidinone-functionalized secondary amine and NBA co-catalysts
As an alternative to asymmetric enamine catalysis, copper salts and chiral bis(oxazoline) ligands have been applied as enolization catalysts for the asymmetric alkylation of β-keto phosphonates 137 and β-keto esters 138 (Scheme 25). In these examples, Cu(OTf) 2 served as a source of in situ generated Brønsted acid to promote the desired carbocation formation.
Nucleophilic Capture of Transition-MetalStabilized Intermediates
Transition metals can stabilize the cationic intermediates generated upon ionization of alcohols and allow access to reactivity modes that cannot be accessed through simple Brønsted or Lewis acid catalysis alone.
In 2005 and 2007, Nishibayashi and co-workers described the use of chiral thiolate-bridged diruthenium complexes to catalyze the asymmetric propargylation of acetone and electron-rich arenes with propargylic alcohols in modest to good enantiomeric excess. 139 The reaction is thought to proceed via the intermediacy of an electrophilic chiral ruthenium allenylidene intermediate. By switching the source of chirality from the electrophilic partner to the nucleophilic one, the same research group has been able to develop a new family of highly enantioselective transformations operating through achiral diruthenium electrophilic species. The use of chiral secondary amines as co-catalyst has enabled enantioselective α-propargylation of aldehydes, 140 while chiral copper complexes have allowed for challenging enantioselective propargylations of β-keto esters 141 and β-keto phosphonates (Scheme 26).
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As mentioned in section 2.1.2, transition-metal π-allyls provide a powerful way to stabilize and control the reactivity of carbocations generated from the direct ionization of allylic alcohols. While stereoselectivity in the reactions of metal π-allyls is typically achieved through the use of chiral ligands on the metal (see section 4.2), enantioselective reactions via the intermediacy of metal π-allyls have also been achieved through the use of chiral nucleophilic catalysts. Shibasaki and co-workers reported a direct α-allyla- 
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tion of cyclic ketones via the action of a palladium catalyst bearing a modular phosphine ligand 12 that contained a proline residue. 143 By tethering the Pd π-allyl and enamine intermediates, the formation of α-allylated ketones was accomplished in moderate yield and enantioselectivity (Scheme 27). Very recently, Luo and co-workers reported a related Pd/chiral amine catalyst system for the direct dehydrative asymmetric allylic alkylation of 1,3-dicarbonyl compounds with allylic alcohols to furnish products possessing all-carbon quaternary centers.
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Scheme 27 Direct asymmetric α-allylation of simple ketones with simple allylic alcohols using tethered complex 12
Enantioinduction via Transient Chiral Electrophiles
Late-transition-metal catalysts bearing chiral ligands have recently achieved very high levels of stereoinduction in the direct dehydrative substitution of allylic alcohols.
Building on the pioneering 2007 reports by Hartwig 145 and Carreira 146 demonstrating the direct asymmetric dehydrative amination with a limited range of allylic alcohols, Carreira and co-workers disclosed a series of broadly applicable and highly enantioselective Ir-catalyzed dehydrative substitutions of secondary allylic alcohols starting in 2011. Interestingly, mechanistic investigations revealed that in at least one case the products are formed in an enantioconvergent manner, meaning that the two enantiomers of the starting material are converted into a single enantiomer of the product by distinct mechanistic pathways. 147 In a representative example, employing only 2.5 mol% of Ir catalyst and an appropriate amount of chiral (P, olefin) ligand 13, various secondary allylic alcohols were converted into primary amines with high levels of enantiocontrol using sulfamic acid as a nucleophile (Scheme 28). 148 Benzoylation allowed isolation of the corresponding benzamides in good to high yields and with enantiomeric excesses commonly greater than 90% for aryl-substituted products (Scheme 28, b). Optimization of the metal-to-ligand ratio furnished high yields and excellent enantioselectivity for the preparation of alkyl-substituted allylic amines (Scheme 28, b).
Scheme 28 Direct Ir-catalyzed enantioselective amination of secondary allylic alcohols with sulfamic acid By exploiting the same Ir(P,olefin) complex as a powerful catalytic core, Carreira's group then extended the transformation to a wide variety of nucleophiles. Thiols, 149 alcohols, 147 vinyl and alkynyl trifluoroborates, 150 allyl silanes 151 and alkenes 152 all successfully underwent the dehydrative transformation with remarkably high levels of both regioand enantioselectivity (Scheme 29). The utility of these transformations was showcased by the synthesis of valuable biologically active compounds.
The Pd-catalyzed asymmetric allylic alkylation (AAA) reaction is one of the most powerful and broad methods in asymmetric catalysis. 153 However, the reaction has classically been developed with good leaving groups such as carbonates, acetates, phosphates, halides and pseudo halides. 
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While previous efforts by Trost and Quancard to use allylic alcohols directly were successful in the presence of stoichiometric dehydrating agents, 154 Xia, Jiang and co-workers described the direct use of allylic alcohols in AAA reactions with azlactones using a Brønsted acid co-catalyst (Scheme 30). 155 This report provides hope that more of the rich chemistry of the Trost AAA reaction may be adapted to directly incorporate allylic alcohols in the absence of stoichiometric dehydrating agents with other metals.
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Scheme 30 Pd-catalyzed enantioselective allylation of azlactones with allylic alcohols
Enantioinduction via Synergistic Chiral Catalysis
The demonstration that stereocontrol can be achieved in direct dehydrative asymmetric allylic alkylation via the intermediacy of chiral nucleophiles (section 4.1) or chiral electrophiles (section 4.2) raises the tantalizing question as to whether both approaches could be applied simultaneously to independently control the event of the formation of two adjacent stereocenters. Indeed, Carreira and coworkers reported a dehydrative coupling between secondary allylic alcohols and enolizable aldehydes to form corresponding γ,δ-unsaturated carbonyls in a fully stereodivergent manner (Scheme 31). 157 Under otherwise identical reaction conditions, control over absolute and relative configuration at the newly installed vicinal quaternary/tertiary stereocenters was achieved by applying four possible permutations of chiral iridium and amine catalysts. Good yields and impressive 99% enantiomeric excesses were obtained for each of the four possible stereoisomers. Extension of this work to the stereodivergent α-allylation of linear aldehydes has recently been disclosed, providing access to products bearing vicinal tertiary/tertiary stereocenters in good diastereoselectivity and excellent >99% enantioselectivity.
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Scheme 31 Fully stereodivergent catalysis via the action of an iridium phosphoramidite complex and cinchona alkaloid 
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Match-mismatch effects from the combination of chiral Pd complexes and chiral Brønsted acids have been reported as a strategy to reinforce stereocontrol in the amination of racemic allylic alcohols 159 and in the allylation of heterocycles such as pyrazolones. 160 In the latter example, optically pure products were obtained by asymmetric allylation of pyrazol-5-ones via cooperative catalysis between a palladium phosphoramide complex and a chiral phosphoric acid (Scheme 32). In addition to facilitating the activation of the C-O bond, the phosphoric acid catalyst is proposed to direct nucleophilic attack during the stereo-determining step. The synergetic effect between the chiral ligands on palladium and the counteranion contributes to the high synthetic yields and enantioselectivities. DFT studies have endeavored to provide mechanistic insights into the origins of such cooperative effects. 
Enantioinduction via Bifunctional Catalysis
Bifunctional catalysts are a powerful tool for synthesis because they are able to activate and pre-organize two different reaction partners simultaneously. In particular, chiral phosphoric acids and derivatives thereof have become reliable instruments for accelerating reactions between hydrogen-bond accepting electrophiles and hydrogen-bond donating nucleophiles in a stereocontrolled manner. 162 With respect to dehydrative substitution of alcohols, BINOL-derived chiral phosphoric acids have found use in the asymmetric substitution of π-activated alcohols and likely transfer chiral information through the formation of an intimate chiral ion pair. An initial example came in 2009 from Guo and co-workers, who disclosed a chiral phosphoric acid catalyzed reaction between enamides and indolyl alcohols to give β-aryl 3-(3-indolyl)propanones in high yields and enantioselectivities. 163 In 2012, Guo, Peng and coworkers were able to extend the reactivity to ketones, groups that are less reactive nucleophiles and more challenging partners for molecular recognition. 164 Chiral phosphoric acid 14 was used to promote the reaction of isatinderived 3-hydroxy-3-indolyloxindole in high yields and both high diastereo-and enantioselectivity. The authors propose that the phosphoric acid acts simultaneously as a promoter for enol formation and for the generation of an active vinylogous imino-intermediate (Scheme 33). The same strategy of bifunctional activation with chiral phosphoric acid catalysts has been utilized to promote reactions between numerous combinations of π-activated alcohols and nucleophiles. Under such catalytic conditions, 3-hydroxy-3-indolyloxindoles have reacted with enecarbamates, 165 indoles, 166 β-keto acids, 167 and cyclic enaminones. 168 More broadly, racemic allylic alcohols and substrates bearing recognition motifs were successfully coupled with 1,3-dicarbonyls, 169 enamides 170 and indoles 171 in high levels of enantiomeric excess under chiral Brønsted acid catalyst control. Bringing the bifunctional concept to an impressive level of complexity, Jiang and List reported a case of 'triple catalysis', whereby a chiral phosphoric acid catalyst directed the action of achiral Pd and amine catalysts to enable enantioselective α-allylation of α-branched aldehydes with allylic alcohols.
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Scheme 33 Direct asymmetric α-alkylation of ketones via phosphoric acid catalysis
More strongly acidic bifunctional catalysts also promote asymmetric substitution of π-activated alcohols. Building on their previous work on asymmetric intramolecular allylic substitution of allylic alcohols, 173 Rueping and co-workers disclosed that chiral phosphoramide 15a catalyzed the highly enantioselective reaction of in situ generated orthoquinone methides with 1,3-cyclohexadione to give 9-substituted tetrahydroxanthenones (Scheme 34, a) . 174 In particular, valuable tetrahydroxanthenes with two embedded distant stereocenters were obtained as a result of the highly enantio-and diastereoselective desymmetrization of 5-monosubstituted 1,3-dicarbonyl substrates with hydroxybenzyl alcohols by the catalytic action of phosphoramide 15b 
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Syn thesis (Scheme 34, b) . Chiral-phosphoramide-catalyzed enantioselective C3-alkylation of indoles with indol-2-yl carbinols has also been documented. 175 Quite recently, Nishibayashi and co-workers reported an elegant diastereo-and enantioselective propargylic alkylation of propargylic alcohols with (E)-enecarbamates through the use of a rationally designed thiolate-bridged diruthenium complex bearing a covalently linked chiral phosphoramide moiety.
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Scheme 34 Chiral phosphoramide catalyzed enantioselective a) addition/cyclization reaction and b) addition/desymmetrization reaction Biscinchona alkaloids, in the presence of Lewis or Brønsted acid co-catalysts, afford an alternative system for bifunctional asymmetric catalytic substitution of alcohols. The asymmetric alkylation of oxindoles has been accomplished by a biscinchona alkaloid 16 together with Lewis 177 or Brønsted 178 acid co-catalysts. In the latter case, the authors proposed that one tertiary amine moiety assists in formation of an enolate through deprotonation of the C3-oxindole proton, while a protonated amine residue interacts with the alcohol to promote the generation of the carbocation intermediate (Scheme 35).
Conclusion and Outlook
The field of direct catalytic substitution of alcohols has benefitted from spectacular advances over the past decade, with particular success in the development of new stereospecific and enantioselective transformations. However, many challenges remain for catalysis in general and stereoselective catalysis in particular. Challenging substrate classes for intermolecular reactions include unactivated aliphatic primary alcohols, acyclic unactivated secondary aliphatic alcohols, primary propargylic alcohols, allylic alcohols possessing fully substituted olefins and electron-deficient benzylic alcohols. At the moment, methods for intermolecular asymmetric substitution of alcohols rely on the use of a limited range of π-activated alcohols as substrates or on the use of transient chiral nucleophiles. A major challenge for this area therefore lies in the development of asymmetric activation modes for alcohol classes beyond π-activated alcohols. It is necessary to mention that since this review focuses on direct substitution of alcohols without the explicit addition of external activation agents, not all desirable transformations in this category will be thermodynamically favorable. Thus, the development of new catalytic methods that function by alternative activation modes and that incorporate a chemical 179 or photochemical 180 energy input are ultimately still necessary. MacMillan and co-workers have recently reported a promising path in this direction through the use of photoredox catalysis to enable direct dehydrative alkylation of methanol (Scheme 36). Further benchmarking of the many catalysts and conditions that have been reported might allow for a clearer understanding of their differences in reactivity and chemoselectivity. We suspect that such efforts might allow the catalytic alcohol substitution methods described in this review to be used more frequently in the synthesis of complex molecules and ultimately to solidify their incorporation into the main- 
